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CD36 and LIMPII analog 1, CLA-1, and its splicing variant, CLA-2
(SR-BI and SR-BII in rodents), are human high density lipoprotein
receptors with an identical extracellular domain which binds a
spectrum of ligands including bacterial cell wall components. In
this study, CLA-1- and CLA-2-stably transfected HeLa and HEK293
cells demonstrated several-fold increases in the uptake of various
bacteria over mock-transfected cells. All bacteria tested, including
both Gram-negatives (Escherichia coli K12, K1 and Salmonella
typhimurium) and Gram-positives (Staphylococcus aureus and Lis-
teria monocytogenes), demonstrated various degrees of lower
uptake in control cells. This result is consistent with the presence
of high-density lipoprotein-receptor-independent bacterial uptake
that is enhanced by CLA-1�CLA-2 overexpression. Bacterial lipo-
polysaccharides, lipoteichoic acid, and synthetic amphipathic heli-
cal peptides (L-37pA and D-37pA) competed with E. coli K12 for
CLA-1 and CLA-2 binding. Transmission electron microscopy and
confocal microscopy revealed cytosolic accumulation of bacteria in
CLA-1�CLA-2-overexpressing HeLa cells. The antibiotic protection
assay confirmed that E. coli K12 was able to survive and replicate
intracellularly in CLA-1- and CLA-2-overexpressing HeLa, but both
L-37pA and D-37pA prevented E. coli K12 invasion. Peritoneal
macrophages isolated from SR-BI�BII-knockout mice demonstrated
a 30% decrease in bacterial uptake when compared with macro-
phages from normal mice. Knockout macrophages were also char-
acterized by decreased bacterial cytosolic invasion, ubiquitination,
and proteasome mobilization while retaining bacterial lysosomal
accumulation. These results indicate that, by facilitating bacterial
adhesion and cytosolic invasion, CLA-1 and CLA-2 may play an
important role in infection and sepsis.

bacterial adhesion � internalization � phagocytes � cytosolic invasion �
high-density lipoprotein receptor

CLA-1 and its splicing variant CLA-2, orthologues of rodent
scavenger receptor class B type I (SR-BI) and its splicing

variant SR-BII, are known as high-density lipoprotein (HDL)
receptors. These receptors mediate HDL binding, followed by
selective uptake of cholesteryl ester in the liver and steroido-
genic tissues (for review, see refs. 1 and 2). Organs with the
highest expression of CLA-1�SR-BI include the liver, adrenals,
ovaries, and testes, whereas a relatively high expression has been
demonstrated in intestinal cells, phagocytes, and endothelial
cells (3, 4). In steroid-producing tissues, such as the adrenals,
most of the cholesterol for steroid hormone production is
delivered through CLA-1�SR-BI. In the liver, CLA-1�SR-BI is
involved in bile formation and appears to be the major mecha-
nism of cholesterol excretion. Recent findings point to a gender-
dependent expression of SR-BI and SR-BII. SR-BI is predom-
inantly expressed in males, whereas SR-BII is the predominant
gene product in the female mouse liver (5).

Accumulating evidence suggests that the function of SR-BI
gene products is not solely linked to cholesterol ester metabolism
but involves a wide spectrum of activities. CLA-1�SR-BI has
been recently shown to be involved in the uptake of apoptotic
cells (6), triglyceride and phospholipid delivery to certain cell
types (7), serum amyloid A (SAA) uptake (8, 9) and selective
uptake of HDL associated with vitamin E (10). We recently
demonstrated that CLA-1 binds bacterial cell-wall components
such as endotoxin [lipopolysaccharides (LPS)] of Gram-negative
bacteria and lipoteichoic acid (LTA) of Gram-positive bacteria
(11, 12). These receptors also are able to bind and internalize
other bacterial and animal proteins that contain amphipathic
helices (8, 12), suggesting that, sharing the same extracellular
loop receptor domain, CLA-1 and CLA-2 may also directly bind
these bacterial cell-wall components mediating bacterial adhe-
sion, invasion, intracellular survival, and proliferation. A recent
report supports this possibility (13).

In this work, we expand our previous observations (11, 12, 14)
by showing that the binding by the CLA-1 and CLA-2 receptors
may represent important pathogenic mechanisms during bacte-
rial infection�sepsis. These receptors mediate the interaction
between bacterial cell wall components and host mammalian
cells and allow for bacterial cytosolic invasion and survival in the
host cells.

Results
Uptake of Live Bacteria in HeLa Cell Lines. Because the presence of
LTA or LPS in the outer bacterial cell wall is well documented,
we hypothesized that CLA-1 and CLA-2 might be the sites of
initial bacterial adhesion associated with subsequent down-
stream events such as internalization and cellular signaling.
Increased HDL (Supporting Text, Appendix A, and Fig. 8, which
are published as supporting information on the PNAS web site)
and anti-CLA-1 loop antibody (Fig. 1) uptake by CLA-1 and
CLA-2 HeLa cells confirmed the functional activity of the
overexpressed HDL receptors. By using FACS analysis, the
uptake (binding plus intracellular accumulation) of live Esche-
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richia coli K12, K1, Salmonella typhimurium, Staphylococcus
aureus and Listeria monocytogenes were 5- to 20-fold higher in
CLA-1-HeLa and CLA-2-HeLa when compared with mock-
HeLa (Fig. 1). CLA-1 and CLA-2 also mediated bacterial uptake
in HEK293 cells (data not shown). These HDL receptors also
mediated uptake of heat-killed bacteria (Supporting Text,
Appendix A).

CLA-1 and CLA-2 Ligands Compete Against Bacterial Uptake. HDL
and LPS inhibited the uptake of Alexa Fluor 488-labeled E. coli
K12 by 80% and 60%, respectively (Fig. 2) in CLA-1 and CLA-2
HeLa cells. Two other ligands, L-37pA and D-37pA, also
blocked bacterial adhesion, whereas no inhibition occurred when
L3D-37pA, an L-37pA analogue with disrupted helical structure,
was used (Supporting Text, Appendix C, and Figs. 9 and 10, which
are published as supporting information on the PNAS web site).

E. coli K12 Internalization in CLA-1 and CLA-2 HeLa Cells. E. coli K12
uptake was studied by using transmission electron microscopy
(TEM) in HeLa cells. Fig. 3 shows that, after initial adhesion to
the cell surface, paraformaldehyde-fixed E. coli K12 was inter-
nalized in HeLa cells overexpressing either CLA-1 or CLA-2.
The bacteria are seen as small cytoplasmic inclusions in the cells
expressing either of the two receptors, but they are not present
in mock-transfected HeLa cells (data not shown). The bacteria

retained their inner and outer membranes while residing in the
cytoplasm rather than presenting as visible subcellular structures
within lysosomes, endocytic vesicles, or endoplasmic reticulum.

Bacterial Uptake Analyzed by Confocal Microscopy. CLA-1-HeLa
and CLA-2-HeLa were incubated with live Staphylococcus au-
reus, followed by colocalization with FK-2 antibody against
polyubiquitins or anti-20S proteasome antibody. Visible colo-
calizations (yellow) were only found in CLA-1 and CLA-2 HeLa,
further confirming bacterial sequestration to the cytosol in
epithelial cells (Fig. 4). No significant bacterial colocalizations
were found with endocytic compartment markers (Appendix C).

Bacterial Uptake by SR-BI�SR-BII Knockout Mouse Peritoneal Macro-
phages. Peritoneal macrophages (M�) isolated from control and
SR-BI gene KO mice which lacks both SR-BI and its splicing
variant SR-BII, were also used for bacterial uptake studies. The
uptake of inflammation-related CLA-1�2 ligands, LPS and
SAA, was decreased by 50%, E. coli K12 uptake was lower by
30%, whereas no difference was found for the uptake of
denaturated HDL in the murine macrophages lacking the SR-BI
gene (Supporting Text, Appendix D, and Fig. 11, which is pub-
lished as supporting information on the PNAS web site).

Further analysis of bacterial phagocytosis by using live Alexa
Fluor 488-labeled E. coli K12 and the lysosomal tracker, Lyso-
Tracker red, revealed a tendency for increased lysosomal accu-
mulation in KO M� upon confocal microscopy of live M�
cultures (61% colocalized bacteria in KO M� versus 52% in
control M�), but the difference did not reach statistical signif-
icance. When analyzed after paraformaldehyde cell fixation, the
colocalizations were slightly higher in the control than KO M�

Fig. 1. Uptake of Alexa Fluor 488-labeled live bacteria in HeLa cells by FACS
analysis. Bacteria or 10 �g�ml Alexa Fluor 488-labeled anti-CLA-1�CLA-2 loop
IgG were incubated with monolayers of HeLa cells for 1.5 h at 37° C and then
harvested for FACS analysis. The uptake for each bacterial species is indicated
at the bottom of the graphs in mock-transfected (blue) and CLA-1- (green) and
CLA-2- (red) overexpressing HeLa cells.

Fig. 2. Competition of CLA-1�CLA-2 ligands against E. coli K12. Bacteria were
incubated with confluent monolayer HeLa cells in the presence or absence of
100 �g�ml LPS (yellow), HDL (blue), or without competitor (green) for 1.5 h at
37 C° and then harvested for FACS analysis. Autofluorescence is seen in red.
CLA-1-overexpressing (A), CLA-2-overexpressing (B), and mock HeLa (C) cells,
are shown.

Fig. 3. Transmission electron microscopic pictures showing E. coli K12
adhesion, engulfment, and internalization by CLA-1 and CLA-2 receptors in
HeLa cells. CLA-1 (A–C) and CLA-2 (D and E) -overexpressing HeLa cells were
incubated with paraformaldehyde-fixed E. coli K12 and processed as de-
scribed in Materials and Methods. (B) A magnified image of bacterial adhesion
sites in HeLa cells. Arrows show cytoplasmic and adherent bacteria.
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for both live Alexa Fluor 488-labeled E. coli K12 and Staphylo-
coccus aureus (Fig. 5). Colocalization studies using fixed cells and
anti-LIMP-2 as well as LysoTracker red revealed similar trends
indicating retention of robust lysosomal phagocytosis in KO M�
but, again, without reaching statistical significance (Supporting

Text, Appendix E, and Fig. 12, which is published as supporting
information on the PNAS web site).

Because both TEM and confocal microscopy showed cyto-
plasmic bacteria in CLA-1�CLA-2-overexpressing HeLa epithe-
lial cells, the cytoplasmic accumulation was further analyzed in
both normal and KO mouse M�. After a 50-min incubation, E.
coli K12 and Staphylococcus aureus were colocalized with anti-
polyubiquitin monoclonal FK-2 antibody in normal M�, whereas
little or no colocalization was found in M� isolated from
SR-BI�SR-BII KO mice (Fig. 6 B and D). In normal M� that
express the SR-BI gene but not in those from SR-BI�BII KO
mice, the bacteria were also colocalized with an FK-1 antibody
that recognizes both mono- and polyubiquitinated proteins (data
not shown). In addition, bacteria selectively colocalized with 20S
proteasome in normal M�, but not in KO M�, further confirm-
ing their cytosolic accumulation (Fig. 6 E and F).

E. coli K12 Invasion and Intracellular Growth Assessed by the Antibi-
otic Protection Assay (ABPA). As seen in Fig. 7A, HeLa cells
overexpressing CLA-1 and CLA-2 demonstrated a 20- to 40-fold
increase in adherent bacteria [no further incubation with gen-
tamicin (GM)] when compared with mock-transfected cells. In
the presence of GM, the number of growing E. coli K12 bacteria
was reduced by �55%, indicating that �45% of the bacteria were
inside the cells and thereby protected from the antibiotic (GM).
When bacteria were incubated with CLA-1- and CLA-2-
overexpressing HeLa cells in the presence of 50 �g�ml L-37pA,
the amount of adherent and internalized bacteria was dramat-
ically reduced (Fig. 7B). This result is in accord with our earlier
findings (Supporting Text, Appendix B, and Figs. 13 and 14, which
are published as supporting information on the PNAS web site)
that these ligands efficiently block bacterial adhesion to CLA-1
and CLA-2. No inhibitory effect was seen with the L3D-37pA
(an analogue with disrupted helical structure), and none of the
ligands had a direct effect on bacterial growth or viability (data
not shown).

Because various bacteria are characterized by their ability to

Fig. 4. Confocal imaging of live Alexa Fluor 488 Staphylococcus aureus in HeLa cells. Mock-transfected (A and D), CLA-1 (B and E), and CLA-2 (C and F) HeLa
cells were incubated with live Alexa Fluor 488 Staphylococcus aureus for 50 min. After washing with ice-cold PBS, fixing with 4% paraformaldehyde,
immunostaining with monoclonal FK-2 antibody (A–C) or anti-20S proteasome antibody (D–F), slides were analyzed by confocal microscopy. The color images
represent bacteria (green), polyubiquitins or 20S proteasome (both red), and bacteria associated with ubiquitins or proteasome (yellow).

Fig. 5. Bacterial lysosomal phagocytosis in mouse peritoneal macrophages.
Live Alexa Fluor 488-labeled E. coli K12 (A and B) and Staphylococcus aureus
(C and D) were incubated with peritoneal M� isolated from normal (A and C)
and SR-BI�SR-BII KO (B and D) mice for 45 min. After washing with PBS, the cells
were further incubated with LysoTracker red for 15 min, fixed, and analyzed
by confocal microscopy. The color images represent bacteria (green), lysoso-
mal compartment (red), and bacteria in lysosomes (yellow).
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survive and proliferate intracellularly in mammalian cells, we
analyzed the survival and proliferation of E. coli K12 in HeLa
cells overexpressing CLA-1 or CLA-2. After invasion of CLA-1
or CLA-2 HeLa cells, the bacteria were less sensitive to GM. The
number of intracellular bacteria more than doubled within the
first 4 h in the presence of the GM when compared with a 1-h
incubation (Fig. 7C). Extension of the incubation to 18 h was
associated with the decreasing numbers of bacteria, predomi-
nantly because of bacterium-induced HeLa cell killing. Other
bacterial species including Salmonella typhimurium, E. coli K25,
K1, and Staphylococcus aureus also demonstrated intracellular
accumulation with the ABPA (Supporting Text, Appendix F, and
Fig. 15, which is published as supporting information on the
PNAS web site).

Discussion
CLA-1 and CLA-2 are human HDL receptors that also bind and
internalize bacterial cell wall components such as LPS and LTA
(11, 12) as well as bacterial, viral, and animal proteins containing

amphipathic helices (8, 12, 13). Negatively charged phospholip-
ids (6, 15) and anionic class A amphipathic �-helixes are two
known primary motifs for the CLA-1�SR-BI recognition (12,
16). It has been established that amphipathic helical peptides (1,
2) LPS (11) and LTA (12, 17) bind to CLA-1 with high affinity.
The presence of one or both of these motifs has been associated
with bacterial and viral recognition by class B scavenger recep-
tors (13). In this work, two models were used including receptor
overexpression in nonphagocytic human epithelial cells and
receptor-deficient phagocytic mouse peritoneal macrophages.
With this approach, it was possible to establish a direct role for
HDL receptors in the cells of the initial pathogen contact
(epithelial cells) as well as determine HDL-receptor impact on
bacterial trafficking, sequestration, and processing in phagocytic
cells that are characterized by multiple phagocytosis-related
pathways of bacterial killing and processing. We confirmed
bacterial uptake by HDL receptors for a variety of pathogens
including Alexa Fluor 488-labeled live E. coli K12, K1, Salmo-
nella typhimurium, Staphylococcus aureus and Listeria monocy-
togenes (Fig. 1). In addition to live bacteria, we also showed that
CLA-1 and CLA-2 bind dead bacteria, pointing to a potential
role of these receptors in the clearance of damaged bacteria.

Fig. 6. Cytosolic bacterial accumulation, ubiquitination, and association
with 20S proteasome in mouse peritoneal macrophages. Live Alexa Fluor
594-labeled E. coli K12 (A and B) and Alexa Fluor 488 Staphylococcus aureus
(C–F) were incubated with peritoneal M� isolated from normal (A, C, and E)
and SR-BI�SR-BII KO (B, D, and F) mice for 30 (E. coli K12) and 50 (Staphylo-
coccus aureus) min. After washing with ice-cold PBS, fixing with 4% parafor-
maldehyde, immunostaining with monoclonal FK-2 antibody (A–D) or with
monoclonal anti-20S proteasome antibody (E and F), slides were analyzed by
confocal microscopy. The color images represent bacteria (Alexa Fluor 594-
labeled E. coli K12, red; Alexa Fluor 488 Staphylococcus aureus, green), FK-2
antibody (green in A and B and red in C and D), anti-20S proteasome antibody
(red), and bacteria in cytosol (yellow).

Fig. 7. Entry and intracellular survival of E. coli K12 in CLA-1- and CLA-2-
overexpressing HeLa cells. Monolayers of CLA-1- and CLA-2-overexpressing
and mock-transfected HeLa cells were incubated with E. coli K12 in the
presence or absence of L-37pA or L3D37-pA for 1.5 h in DMEM containing 10%
FCS. Total cell-associated bacteria were determined by plating dilutions of
hypotonic cell extracts on blood agar. For counting intracellular bacteria, the
monolayers were washed first with PBS and then incubated in a medium
containing GM (20 �g�ml) for another hour to kill extracellular bacteria. (A)
Live bacteria before and after GM incubation. (B) Live bacteria incubated in
the presence of peptides after GM incubation. (C) Live bacteria incubated for
various time periods in the presence of GM.
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Supporting this possibility is the earlier observation of extensive
colocalization of LTA with scavenger cells in the liver of patients
with primary biliary cirrhosis (18).

Competition experiments where both LPS and LTA nearly
completely blocked Alexa Fluor 488 E. coli K12 uptake indicate
that LPS and LTA may play important roles as HDL-receptor
recognition motifs. This observation is also consistent with the
blocking effects of HDL, L-37pA and D-37pA; prototypes of
potential anti-bacterial drugs that diminish LPS uptake by
CLA-1 (11). Importantly, both D-37pA and L-37pA peptides
reduced bacterial accumulation and, consequently, survival in
the presence of GM (Fig. 7).

We selected E. coli K12 and Staphylococcus aureus for the
study of receptor–mediated intracellular bacterial sequestration,
trafficking, ubiquitination, and association with proteasome. In
epithelial cells overexpressing CLA-1 and CLA-2, the bacteria
did not colocalize with cellular vesicular compartments such as
endosomes, endoplasmic reticulum, lysosomes, or Golgi com-
plex. This finding is consistent with our TEM findings for both
a lack of bacteria in vesicular structures and the presence of
bacteria in the cytosol of CLA-1- and CLA-2-overexpressing
HeLa cells. Furthermore, Staphylococcus aureus colocalized with
cytosolic polyubiquitins and proteasome in HeLa cells (Fig. 3),
pointing to CLA-1�CLA-2-dependent cytosolic sequestration of
bacteria in nonphagocytic cells. Because it is difficult to achieve
receptor knockout in human phagocytes, mouse M� from SR-BI
KO mice were compared with cells from normal mice. There was
a decreased cytosolic bacterial accumulation in SR-BI�SR-BII
deficient M�, however both normal and KO M� retained robust
lysosomal phagocytosis. We propose that bacteria can invade
cells expressing CLA-1�CLA-2 through a vesicular-independent
mechanism that leads to bacterial ubiquitination in the cytosol
(Fig. 6). This mechanism can also lead to bacterial recognition
and bacterial antigen processing through a proteasome-
dependent mechanism that has been suggested in various studies
demonstrating bacterial ubiquitination in phagocytes (19, 20).

A pattern-recognition receptor function does not follow the
classically accepted mechanisms of interaction between ligand
and receptor that require a receptor domain that sterically fits
particular ligands and possesses a high level of ligand stereospec-
ificity. In addition, ligands typically are significantly smaller than
the receptor itself. In contrast, the CLA-1 and CLA-2 (SR-class
BI�II) ligands typically are not simple molecules but rather
multimolecular complexes in which the hydrophilic portions of
the ligands are exposed, whereas the hydrophobic components
are shielded within the complex. This is particularly true for
phospholipid micelles where the hydrophilic heads are exposed
and the hydrophobic fatty acids are inside the micelles. A micelle
formation is characteristic for the majority of CLA-1 ligands
such as HDL, low-density lipoproteins, liposomes, SAA, and
LPS. With increasing charge of the hydrophilic heads, the
interhead distance increases (21), exposing the hydrophobic
moiety of the micelle. It is possible that CLA-1 and CLA-2 insert
some portions of the extracellular loop into the micelle-ligand
complex, functioning as a key, whereas the ligand works as a lock.
Such a suggestion is reasonable, because the interhead distance
increases in the order of micelles made of phosphatidylcholine
(PC), phosphoinositides (PI), and phosphatidylserine (PS). Ac-
cordingly, the Kd for such micelles decreases in the order of PC,
PI, and PS (15). Such a model can potentially explain the ability
of CLA-1 and CLA-2 to interact with so many structurally
diverse ligands, including apoA-I, lipoproteins, LPS, Gram-
negative (and some Gram-positive) bacteria, viruses (e.g.,
HCV), and SAA.

In conclusion, we have found that, in addition to bacterial
binding, CLA-1 and CLA-2 receptors mediate bacterial cytosolic
accumulation, proliferation, and evasion of the lysosomal com-
plex. This mechanism may either facilitate infection with certain

intracellular pathogens and�or represent a mechanism of bac-
terial cytosolic recognition, ubiquitination, and degradation.
Pathogens involved with this mechanism(s) may include both
bacterial and viral agents. For instance, hepatitis C virus has
already bee shown to require CLA-1 for entry (22, 23). By using
the principle of CLA-�CLA-2 targeting, our findings allow for
creation of a number of receptor antagonists such as the model
peptides L- and D-37pA that block bacterial invasion, making
the bacteria accessible to antibiotics. The most effective com-
pounds could be identified by evaluating CLA-1�CLA-2 bacte-
rial binding in vitro using simple and robust bacterial-binding
assays as described in this article.

Materials and Methods
Alexa Fluor 488-labeled heat-killed E. coli K1, K12, and Zy-
mozan particles and all cell trackers and reactive fluorescent dyes
were obtained from Invitrogen�Molecular Probes (Eugene,
OR). Rabbit anti-loop CLA-1�CLA-2 antibody was produced
against the region of the CLA-1 protein between amino acids
36–439 expressed as a fusion protein with N-terminal His Tag
(Primm Biotech, Cambridge, MA). Rabbit anti-CLA-1 antibody,
anti-CLA-2, and LIMP-2 antibodies were custom produced by
using CTSAPKGSVLQEAKL for CLA-1 (Anaspec, San Jose,
CA), CLPDSPSRQPPSPTA for CLA-2, and CDEGTADER-
APLIRT for LIMP-2 (Sigma, St. Louis, MO), respectively.
Peptides were synthesized and characterized as reported (12).
Monoclonal FK-1 and FK-2 anti-ubiquitin antibodies were pur-
chased from BioMol International (Plymouth Meeting, PA).
Rabbit anti-20S proteasome antibody was from Novus Biologi-
cals, Littleton, CO. LTA, Re-LPS, BSA, FCS, and LPS from E.
coli B4:110 were purchased from Sigma. SAA and HDL were
obtained from PeproTech (Rocky Hill, NJ) and Calbiochem
(Darmstadt, Germany), respectively.

CLA-1- and CLA-2-Overexpressing HEK293 and HeLa Cells. HeLa
(Tet-off) cells (Clontech, Palo Alto, CA) overexpressing CLA-1
were generated, selected, and cultured as reported (11). Wild-
type HeLa cells were also transfected with human SR-BI
(CLA-1) and SR-BII (CLA-2) expressing pcDNA 3.1 plasmids
by using lipofectamine reagent and further selected in the
presence of 800 �g�ml G418 to generate CLA-1- and CLA-2-
expressing HeLa clones (CLA-1-HeLa and CLA-2-HeLa).
HeLa cells demonstrating an increased uptake of Alexa Fluor
488-HDL were selected and further analyzed by Western blot-
ting using anti-CLA-1 and anti-CLA-2 antibodies. HEK293 cells
overexpressing CLA-1 and CLA-2 were also generated as de-
scribed for HeLa cells (CLA-1-HEK293 and CLA-2-HEK293).

Peritoneal Macrophage (M�) Preparation. Peritoneal macrophages
were isolated from KO Scarb1tm1Kri and normal C57BL�6 mice
(The Jackson Laboratory, Bar Harbor, ME) and plated into glass
microscopy chambers in DMEM containing 10% FCS, Pep-
Strep, and 50 ng�ml mouse macrophage colony-stimulating
factor (mCSF), Sigma. After a 5- to 7-day incubation period,
differentiated macrophage cultures were used for confocal mi-
croscopy experiments.

Preparation of Alexa Fluor HDL and Alexa Fluor Bacteria. HDL
labeling was performed as reported (11). Live and 4% paraform-
aldehyde-fixed E. coli K1, K12, K25, Salmonella typhimurium,
Listeria monocytogenes, and Staphylococcus aureus were labeled
with Alexa Fluor 568�488, SE, a succinimide-based reactive
fluorescent compound targeting primary amines (Molecular
Probes), following the protein-labeling kit instructions.

Uptake of Labeled Bacteria. All bacterial uptake and phagocytosis
studies were performed by using DMEM containing 2 mg�ml
BSA without antibiotics. HeLa and HEK293 cells overexpressing
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CLA-1 and CLA-2 were incubated with bacteria at �50 labeled
bacteria per cultured cell. After a brief centrifugation of the plate
to accelerate bacterial sedimentation, the cells were incubated at
37°C for 1.5 h and then washed extensively with PBS, detached
with Cellstripper dissociation solution (Cellgro, Herndon, VA),
fixed with 4% paraformaldehyde, and analyzed by a fluores-
cence-activated cell sorter (FACS, model A; Hitachi). In some
experiments, bacterial uptake was studied without cell dissoci-
ation by using the multilabel counter Victor3 (PerkinElmer,
Wellesley, MA) in 96-well-plate cultured cells.

Confocal Microscopy. Confocal microscopy experiments designed
to demonstrate colocalization of bacteria with various cellular
compartments were conducted as reported (1, 12, 13). Briefly,
8-well microscopy slides with cultured cells were added with
Alexa Fluor-labeled bacteria, centrifuged (3000 � g for 5 min)
to accelerate bacterial sedimentation, and further incubated for
30–60 min. After three washings with PBS to remove unattached
bacteria, slides were incubated with fluorescent trackers (con-
centrations of fluorescent trackers were selected individually to
achieve similar to bacterial intensity of the fluorescent signal).
After a 5- to 30-min incubation with trackers, slides were washed
with PBS and fixed with 4% paraformaldehyde and sealed or
viewed immediately without fixation. When bacterial compart-
mentalization was analyzed by immunochemistry, cells were
fixed after bacterial incubation, permeabilized with 0.1% Triton
X-100 in PBS, blocked with 2% BSA, and further incubated with
antibodies (anti-LIMP-2, 20S, FK-1, or FK-2). Visualization was
achieved by using Alexa Fluor 488�594-labeled anti-mouse�
rabbit IgG secondary antibodies (Molecular Probes). The Alexa
Fluor 488 or Alexa Fluor 594 anti-IgG and tracker colors were
selected based on whether Alexa Fluor 488 or 594 bacteria was
used. To assess subcellular localization, images were obtained
with a Zeiss 510 confocal system (Zeiss, Jena, Germany). Images
were acquired sequentially by using a 488-nm laser line and
emission between 505 and 580 nm for Alexa Fluor 488 and a
594-nm laser line and emission �610 nm for Alexa Fluor 594.

Z-series of high-resolution (100 nm per pixel) images were
obtained throughout the cells with a �63, 1.4-numerical-
aperture Plan-Apochromat oil-immersion objective. The 3D
data sets were quantitatively analyzed for colocalization by using
Imaris 5.0 software package (Bitplane, Zurich, Switzerland).
Pixel codistribution was calculated for green and red staining
patterns, and percentage of colocalized material (intensity and
volume) was assessed.

Electron Microscopy. Confluent monolayers of HeLa cells were
incubated with �50 paraformaldehyde-fixed E. coli K12 per cell
for 1.5 h in a CO2 incubator. After three washings with ice-cold
PBS, cells were fixed in PBS-buffered 2.5% glutaraldehyde
(PBSG), scrubbed into the PBSG followed by double fixing in
PBSG and osmium tetroxide (0.5%), dehydrated, and embedded
into Spurr’s epoxy resin. Ultrathin (90-nm) sections were double
stained with uranyl acetate and lead citrate and viewed in a
Philips CM10 transmission electron microscope (TEM) (Philips
Electronics, Mahway, NJ).

ABPA. The ABPA was conducted as reported (24). Briefly, after
adding of various numbers of live bacteria to cells in antibiotic-
free DMEM and brief centrifugation of the plate to accelerate
bacterial sedimentation, the cells were further incubated for 1 h
in a CO2 incubator, followed by intensive PBS washing. After-
ward, the cells were incubated in fresh culture media in the
presence or absence of 20 �g�ml GM for an additional 1, 4, 8,
and 24 h. The cells were then washed to remove GM and lysed
in ice-cold water for 30 min. The lysates were serially diluted in
PBS and plated to yeast–peptone–dextrose (YPD) agar plates
(Teknova, Rockville, MD) for colony counting.
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